The primary and ultimate biodegradability ofphthalic acid, monobutyl phthalate, and five structurally diverse phthalic acid ester plasticizers in river water and activated sludge samples were determined via ultraviolet spectrophotometry, gas chromatography, and CO2 evolution. The compounds studied underwent rapid primary biodegradation in both unacclimated river water and acclimated activated sludge. When activated sludge acclimated to phthalic acid esters was used as the inoculum for the CO2 evolution procedure, greater than 85% of the total theoretical CO2 was evolved. These studies demonstrate that the phthalic acid ester plasticizers and intermediate degradation products readily undergo ultimate degradation in different mixed microbial systems at concentrations ranging from 1 to 83 mg/liter.
The primary and ultimate biodegradability ofphthalic acid, monobutyl phthalate, and five structurally diverse phthalic acid ester plasticizers in river water and activated sludge samples were determined via ultraviolet spectrophotometry, gas chromatography, and CO2 evolution. The compounds studied underwent rapid primary biodegradation in both unacclimated river water and acclimated activated sludge. When activated sludge acclimated to phthalic acid esters was used as the inoculum for the CO2 evolution procedure, greater than 85% of the total theoretical CO2 was evolved. These studies demonstrate that the phthalic acid ester plasticizers and intermediate degradation products readily undergo ultimate degradation in different mixed microbial systems at concentrations ranging from 1 to 83 mg/liter.
The detection and identification of phthalic acid esters (PAEs) in human tissues (7) and as environmental contaminants (6, 12, 13, 15) recently focused the attention of the scientific community upon the human environmental safety ofthis important class ofindustrial chemicals. In September 1972, at a National Institute of Environmental Health Science symposium (14) , scientists reviewed PAE chemical and physical properties, production and use, analytical methodology, environmental release and distribution, biotransformation, and toxicology. They concluded that PAEs "do not appear to pose an imminent threat to human health," but that their apparent widespread distribution in the environment raised questions regarding the "possible subtle effects of persistent exposure" to these compounds (10) .
Prior to 1972 information on the biodegradability of PAEs was largely limited to studies of their ability to support fungal growth (2, 9, 21) . The focus of such studies was the concern for biodeterioration of plastic products rather than the biodegradation of the plasticizers used.
In 1972 Graham (5) presented limited data on activated sludge degradation of di(2-ethylhexyl) phthalate (DEHP) and butyl lenzyl phthalate (BBP). More detailed information on activated sludge and river water degradation of these two esters together with data on butylglycolyl butyl phthalate (BGBP) and di(heptyl, nonyl, undecyl) phthalate were published by Tucker and Saeger (17, 18 For each PAE, the total contents of a river water and the corresponding sterile river water bottle were periodically analyzed for residual ester. After carefully transferring the 200-ml water sample to a 250-ml separatory funnel, the bottle and sample were extracted with three successive 25-ml aliquots of hexane. The combined extracts were concentrated in a Kuderna-Danish evaporative concentrator, and after cooling, were adjusted to a volume of 5.0 ml. The concentration of each PAE was determined by gas chromatography on a Hewlett-Packard 5750 research chromatograph equipped with a dual-flame ionization detector. The column was 3 feet by 0.25 inch (ca. 91 by 0.64 cm), 4% OV-17 on 80/100 Chromosorb W, H.P. The helium carrier gas flow rate was 60 ml/min, and the column temperatures were as follows: DUP, 290 C; BGBP, 210 C; DEHP, 230 C; Santicizer 711, 230 to 270 C at 15°/min (hold 10 min); and BBP, 240 C.
For each PA concentration (12.5, 25, and 50 mg/liter) studied, two 200-ml river water and one 200-ml sterile water samples were prepared from an aqueous PA stock solution (5 mg/ml). Since PA is water soluble, the level in each bottle was monitored directly as a function of time by removing a 10-ml portion and analyzing it via ultraviolet spectrophotometry (E276, 1.27 x 103) with a Cary model 14 recording spectrophotometer using matched 2.0-cm quartz cells.
Activated sludge. Domestic sewage was obtained from a local treatment plant. Activated sludge studies were carried out using the Soap and Detergent Association 24-h semicontinuous procedure (19) and modified feed (20) in magnetically stirred glass vessels of 1.5-liter capacity.
Five PAEs, along with MBP, PA, LAS, and p,p'-DDT, were tested at addition rates varying from 1 to 250 mg/24-h cycle. For the PAEs, PA, and MBP, minimum feed levels of 5, 50, and 100 mg, respectively, were employed. The use of other feed levels (10 to 250 mg) varied from material to material. The reference standards p,p'-DDT and LAS were tested at addition rates of 1 and 20 mg, respectively. For measuring primary biodegradation, 50-ml samples of activated sludge mixed liquor were withdrawn after feeding and after 24 h of exposure. Each PAE-activated sludge mixed liquor sample was extracted, concentrated, and analyzed in the same manner as the river water samples. Primary biodegradation rates for the water-soluble PA and MBP (E275, 1 .33 x 103) were obtained by direct ultraviolet analysis of the supernatant after filtration of the mixed liquor samples through Metricel GA-8, 0.2-,um membrane filters (Gelman Instrument Co.).
LAS was again monitored via the standard methylene blue-chloroform extraction method (1), and p,p'-DDT was measured by electron-capture gas chromatography (63Ni-detector) after being extracted and concentrated in the same manner as the PAEs.
The efficiency of the analytical methods was demonstrated in duplicate by adding each material at three levels to activated sludge mixed liquor samples from a blank semicontinuous activated sludge (SCAS) unit and analyzing them as previously indicated. The blank unit was maintained on the synthetic sewage medium without the addition of any test compound. The average percent recoveries were: DUP, 90 + 6%; BGBP, 79 + 2%; DEHP, 74 + 5%; Santicizer 711, 101 + 3%; BBP, 106 + 4% (PAEs at 2, 4, and 6 mg/liter); p,p'-DDT (0.5, 1.0, and 1.5 mg/liter), 93 ± 3%; MBP (20, 60 , and 100 mg/liter), 100 -1%; and PA (50, 100, and 250 mg/liter), 99 ± 4%. To verify that the disappearance of the PAEs was not due to volatilization, the off-gases from each unit were passed through a train of three hexane scrubbers during a complete cycle. No significant (<0.5%/cycle) volatility losses were observed for any of the PAEs. CO2 evolution. The carbon dioxide evolved during the biodegradation of BBP, Santicizer 711, and DEHP was measured using the apparatus and procedure developed by Thompson and Duthie (23) and modified by Sturm (22) .
The seed for the CO2 evolution test was prepared using the Bunch-Chalmers die-away procedure (3) . A liter of effluent supernatant from a DEHP-acclimated SCAS unit was allowed to stand for 24 h. A 2-liter flask containing 20 mg of the appropriate ester, 50 mg of yeast extract, 100 ml of the DEHP-acclimated, activated sludge supernatant, and 900 ml of standard biological oxygen demand dilution water (1) was prepared for each of the PAEs. The flasks were then stored in the dark under quiescent conditions at room temperature for 14 days.
At the end of the 14-day period, 500 ml of inoculum solution from each flask was mixed to form a "composite seed." For each PAE tested and the control, 500 ml of composite seed was mixed with 5,500 ml of biological oxygen demand water in a CO2 evolution bottle. To each of the PAE bottles, a weighed quantity (approximately 120 mg) of the appropriate ester was added. The control bottle received no test material.
The bottles were then connected to a source of 
RESULTS
The results of the river water degradation studies are shown in Fig. 1, 2, and 3 . In each figure, the percentage of test compound remaining is plotted versus exposure time. The dieaway curve for the LAS reference standard is included in each figure for comparative purposes. Figure 1 shows that two of the PAE plasticizers studied, BGBP and BBP, underwent primary biodegradation more rapidly than the biodegradable standard LAS. DEHP, Santicizer 711, and DUP (Fig. 2 ) also underwent reasonably rapid degradation, but at slower rates than LAS. Figure 3 depicts the primary biodegradation curves obtained for PA at three concentrations. PA was degraded at a slightly slower rate than LAS. It was observed that the rate of degradation decreased as the PA concentration was increased. This decreased degradation may be attributed to an initial drop in pH of the river water with PA The SCAS primary degradation rates observed for each of the materials studied and the addition rate are shown in Table 1 . LAS, which has a degradation rate of 99+% at an addition rate of 20 mg/cycle was again used as the biodegradable reference standard. PA, MBP, BGBP, and BBP all underwent complete primary degradation during each cycle, in some cases at addition rates as high as 200 to 250 mg/cycle.
Primary biodegradation rates of 70 and 78% were observed for DEHP using activated sludge obtained from two different sources. This demonstrated that the rates were not dependent on the source of sludge. To determine if the primary degradation rates for the slower degrading esters were also independent of addition rate, Santicizer 711 was tested at addition rates of 5, 10, and 20 mg/cycle and monitored by gas chromatography and ultraviolet spectrophotometry. The virtually identical degradation rates obtained established the concentration independence for the range studied. DUP exhibited EC/GC a ±95% confidence limit.
b UV, Ultraviolet spectrophotometry; FID/GC, flame-ionization gas chromatography; EC/GC, electron-capture gas chromatography.
a degradation rate of 45% at an addition rate of 5 mg/cycle. At the 20-mg addition level the DUP degradation rate decreased to 29%; however, no significant effect on the suspended solids level was observed. The rapid acclimation of the activated sludge to these materials was demonstrated by the MBP SCAS test. After a brief induction period of several days, during which little decrease in the MBP level was observed, the degradation rate increased to such a degree that complete degradation of the 100 mg of feed during each cycle was observed after 1 week.
To focus more sharply on the difference between degradable and nondegradable synthetic chemicals, a SCAS test (Table 1) was concurrently carried out onp,p '-DDT, a known persistent environmental contaminant. A primary biodegradation rate of -7 ± 16% was observed at the relatively low addition rate of 1 mg/cycle. A negative rate often occurs when experimental variability of the test greatly exceeds the degradation rate.
To determine if the metabolic pathway involved an enzymatic hydrolysis to water-soluble intermediates, e.g., PA half esters and/or PA, three of the PAE plasticizers (BGBP, BBP, and DEHP) were subjected to modified SCAS tests in which primary degradation was monitored in the normal manner while the filtered aqueous phase was concurrently monitored directly by ultraviolet spectrophotometry for water-soluble aromatic intermediates. were rapidly converted to water-soluble aromatic intermediates, which then underwent enzymatic ring cleavage to nonaromatic molecules. MBP and PA were subsequently identified as BGBP degradation intermediates by isolation via freeze-drying techniques and comparison with known samples of these compounds by derivative gas chromatography. With DEHP no water-soluble aromatic intermediates were detected, suggesting that they were more rapidly degraded than the parent ester.
The C02 evolution procedure was used to verify that the extensive removal of the PAE plasticizers in the river water and activated sludge systems represented complete biodegradation. By measuring the carbon dioxide produced and relating it to the theoretical yield based on the molecular structure and weight of the material, a parameter related to the ultimate biodegradability of the material is obtained.
In Table 2 
